The role of the transmembrane receptor Notch in the adult brain is poorly understood. Here, we provide evidence that bunched, a negative regulator of Notch, is involved in sleep homeostasis. Genetic evidence indicates that interfering with bunched activity in the mushroom bodies (MBs) abolishes sleep homeostasis. Combining bunched and Delta loss-of-function mutations rescues normal homeostasis, suggesting that Notch signaling may be involved in regulating sensitivity to sleep loss. Preventing the downregulation of Delta by overexpressing a wild-type transgene in MBs reduces sleep homeostasis and, importantly, prevents learning impairments induced by sleep deprivation. Similar resistance to sleep loss is observed with Notch spl-1 gain-offunction mutants. Immunohistochemistry reveals that the Notch receptor is expressed in glia, whereas Delta is localized in neurons. Importantly, the expression in glia of the intracellular domain of Notch, a dominant activated form of the receptor, is sufficient to prevent learning deficits after sleep deprivation. Together, these results identify a novel neuron-glia signaling pathway dependent on Notch and regulated by bunched. These data highlight the emerging role of neuron-glia interactions in regulating both sleep and learning impairments associated with sleep loss.
Results and Discussion
Mutations in bunched, a Regulator of Notch Signaling, Affect Sleep Homeostasis We and others have used microarrays to identify genes that are induced following sleep deprivation [1, 2] . Among the genes that have been identified, we found that bunched, a transcription factor regulating Notch activity in follicle cells [3] , is upregulated after sleep deprivation in fly heads (Figure 1A, left) . bunched mRNA was also elevated in response to mechanical stimulation and exposure to oxidative stress, suggesting that it is sensitive to physiological challenges in general ( Figure 1A, left) . Interestingly, mRNA for the human bunched homolog TSC22D is detected in human saliva and is also upregulated in sleep-deprived healthy subjects (Figure 1A, right) . In addition, TSC22D3 transcripts have been found to be upregulated in the brain of sleep-deprived mice [4] . Together, these results suggest that bunched function in response to sleep deprivation may be phylogenetically conserved. Nevertheless, it is important to note that gene profiling experiments are correlative in nature and do not necessarily reflect a change in gene activity. To determine whether bunched might in turn influence the response to sleep loss, we evaluated sleep homeostasis in several viable P element lines inserted in the bunched locus: bun BG01623 , bun KG06590 , bun KG00456 , and bun KG00392 . Sleep homeostasis is defined as a compensatory increase in sleep above baseline that occurs in the days following sleep loss [5] [6] [7] [8] . The increase in sleep is highest immediately following sleep deprivation and progressively returns to predeprivation levels [5] [6] [7] [8] . For comparisons across genotypes, individual flies are required to lose >90% of their nighttime sleep quota, and the percentage of sleep recovered is calculated by dividing the minutes of sleep reclaimed during 48 hr of recovery by the minutes of sleep lost; this metric represents a sensitive and reliable mean to assess sleep homeostasis [5, [8] [9] [10] . As seen in Figure S1 available online, all of the bunched mutant lines showed a reduced homeostatic response to sleep deprivation. Excision of the P element in one of these lines, bun BG01623 , restored normal homeostasis, indicating that the phenotype is due to the P element insertion ( Figure 1B) .
The mushroom bodies (MBs) have been shown to regulate sleep [11, 12] , Thus, to determine whether bunched is required in the MBs for the regulation of sleep homeostasis, we used the 247-GAL4 driver to express a wild-type copy of the bunched coding sequence in a bunched mutant background. bun BG01623 bears a GAL4 driver and could not be used; the bun KG06590 allele was used instead. Similarly to bun
BG01623
, bun KG06590 homozygous flies displayed a total lack of sleep homeostasis ( Figure 1C ; Figure S1 ). The phenotype persisted and was even enhanced if the allele was placed over a deficiency covering bunched ( Figure 1C ). This enhanced phenotype may be consequence of the inactivation of other genes deleted in the deficiency or may reflect the hypomorphic nature of bun KG06590 , which results from a P element insertion in the last intron of bun ( Figure S1 ). As shown in Figure 1D , bun KG06590 ;247/+ and bun KG06590 ; UAS-bun2/+ had an increased homeostatic response compared to the bun KG06590 strain. However, bun KG06590 ; 247/UAS-bun2 flies displayed a dramatically increased homeostatic response compared to both bun KG06590 ;247/+ and bun KG06590 ;UAS-bun2/+ control lines, suggesting that activating bunched function in the MBs is sufficient to increase the sleep homeostatic response. To confirm the requirement of bunched function in the MBs, we expressed a dominant-negative bunched construct, UAS-bunX [13] , in the MBs. Driving UAS-bunX in the MBs with two different GAL4 drivers resulted in a reduction in the homeostatic response to sleep loss compared to genetic controls, as anticipated ( Figures 1E and 1F ). Normal sleep rebound was observed when bunched was disrupted in adults by feeding MB-Switch/UAS-bunX flies RU486 (data not shown; [14] ). The normal sleep rebound could reflect either an insufficient level of induction using this driver or that disrupting bunched during development disrupts circuits that influence sleep regulation.
Sleep Homeostasis and Learning Impairments after Sleep Loss in Mutations Affecting Notch Signaling
During oogenesis, bunched regulates Notch signaling [3] , such that a loss of bunched function results in an upregulation of the Notch pathway. Consistent with this idea, combining bun KG06590 with the amorphic Delta X mutant rescued normal homeostasis (Figure 2A ), suggesting that the bunched sleep homeostasis phenotype is linked to increased activation of Delta. Because expressing a dominant-negative allele of bunched in the MBs reduces sleep homeostasis, we asked whether the activation of the Notch pathway in the MBs could protect against the negative effects of sleep loss. To begin, we first overexpressed the ligand Delta locally in the MBs. Interestingly, overexpressing Delta in the MBs using the MB-specific 247-GAL4 driver and a previously validated UAS-Delta construct (M.H insertion [15] ) was sufficient to block the homeostatic response to sleep loss, whereas both parental lines (247/+ and UAS-Delta/+) displayed a wild-type sleep rebound ( Figure 2B ). Similar results were obtained with another UAS-Delta construct (T.J insertion on the X chromosome [16] ; data not shown). Similar results were obtained when UAS-Delta was induced only at the adult stage using the MB-Switch GAL4 driver ( [14] ; Figure 2C ).
The lack of a homeostatic response may indicate that the animal is better able to withstand the negative effects of waking, or it may simply reflect a physiological impairment that globally disrupts sleep regulatory processes. To distinguish between these two possibilities, we evaluated learning using aversive phototaxic suppression (APS) [17] . We have recently shown that APS is sensitive to both sleep loss Figure S2 and Table S1 for additional sleep data.
and sleep fragmentation [18] . Although both parental lines were impaired following 12 hr of sleep deprivation, UAS-Delta/+;247/+ flies maintained their ability to learn ( Figure 2D ). The phototaxis index (PI) and quinine sensitivity index (QSI) for all lines were in the normal range of wild-type flies previously reported, indicating that differences in performance cannot be attributed to changes in sensory thresholds (Table S2 ) [1, 18, 19] .
To confirm that activation of the Notch pathway regulates sensitivity to sleep deprivation and sleep homeostasis, we evaluated sleep homeostasis in Notch gain-of-function mutants (N Ax59b , N spl-1 ). N Ax59b flies were tested as heterozygous and exhibited a wild-type homeostatic response to sleep deprivation (Table S1 ), presumably because the presence of wild-type Notch reduces the dominant phenotype of this allele [20, 21] . However, the N spl-1 allele did not compensate for lost sleep by initiating a homeostatic response ( Figure 2E ). Moreover, N spl-1 flies maintained their ability to learn after sleep deprivation, suggesting that the N spl-1 mutation is protecting flies from the effects of sleep loss ( Figure 2F ). PI and QSI were in the normal range for N spl-1 flies, indicating that the changes in performance were not due to alterations in sensory thresholds (Table S1 ). N spl-1 encodes a Notch receptor with a single amino acid substitution in the extracellular domain, introducing a new O-fucosylation site [22, 23] . The effect of the N spl-1 is context specific [21, 23] . A study of the effect of N spl-1 on R8 photoreceptor development suggested that the mutation increases Notch sensitivity to the ligand Delta, leading to an ectopic activation of Notch in the R8 precursors cells [23] .
We next tested several loss-of-function alleles (N nd2 , N nd1 , N 5419 , N Co ). Except for N nd1 , these alleles are homozygous lethal and were tested as heterozygotes. Surprisingly, all of these alleles showed a wild-type homeostatic response to sleep loss (Table S2 ). The presence of a wild-type Notch allele may have been sufficient to compensate for the effect of the mutation. Alternatively, the observed phenotypes could be attributed to developmental defects. Thus, we evaluated learning using the temperature-sensitive Notch allele N ts1 [24] . N ts1 flies showed normal APS performance at 23 C ( Figure 2G, right) . In contrast, siblings that were tested at 31 C showed severe learning impairments. Genetic control flies (yv) showed normal performance both at 23 C and 31 C ( Figure 2G, left) . Importantly, N ts1 learning impairments at 31 C were not due to deficits in PI and QSI, which were in the normal range (Table S2) , and could be rescued by introducing a duplication of the Notch locus in the genetic background ( Figure 2G, right graph) . In addition, similar learning impairments were observed with another thermosensitive allele, N ts2 ( Figure S3A ). These results indicate that Notch is required for learning in the adult fly in the absence of developmental defects. Given that temperature alters sleep homeostasis [10] , we did not evaluate sleep rebound in N ts1 mutants.
Notch and Delta Immunolocalization in the Adult Brain
Whole-brain immunohistochemistry revealed different patterns of localization for Notch and Delta proteins ( Figures 3A-3I ). Delta is expressed in a punctuate pattern throughout the brain cortex ( Figure 3A ; Figure S3B shows an overall view) and is clearly detected in the cell bodies of Kenyon cells ( Figures 3B and 3C ). On the other hand, the Notch intracellular domain is predominantly detected in membranes surrounding the brain neuropils and the cell bodies in the cortex, a pattern overlapping with glial cell membranes (Figures 3D-3I ; Figure S3B shows an overall view). These results indicate that Notch and Delta may mediate neuron-glia signaling through cellcell contacts. Such a possibility had already been suggested for the larval brain [25] [26] [27] . To further localize Notch activity in the adult brain, we have evaluated the expression of a Notch reporter construct, Su(H)Bs-lacZ [28] . In this construct, lacZ is under the control of a promoter containing several Suppressor of Hairless [Su(H)] binding sites and is induced following Notch activation. As shown in Figures  3J-3L , Su(H)Bs-lacZ is specifically expressed in a subset of repo-positive glial cells, thus indicating that the Notch receptor is activated in glia. Similar results were obtained with a related Notch reporter construct driving EGFP expression ( [29] ; data not shown).
Activating Notch in Glia Abolishes Sleep Homeostasis and Learning Impairments after Sleep Loss
Upon binding to its transmembrane ligand, Notch undergoes three rounds of cleavage leading to the shedding of the extracellular domain and the release of the intracellular domain into the cytoplasm. The intracellular domain associates with the transcription factor Su(H) and activates the transcription of target genes such as members of the Enhancer of split complex [30] . Thus, expressing the intracellular domain of Notch is sufficient to activate the pathway [31, 32] . We expressed the intracellular domain of Notch using UAS-NICD (Notch intracellular domain) and the glia-specific Eaat1-GAL4 driver [33] . As shown in Figure 4A , UAS-NICD/+;Eaat1-GAL4/+ flies did not show a homeostatic response to sleep deprivation. In addition, UAS-NICD/+;Eaat1-GAL4/+ flies showed normal learning after sleep deprivation ( Figure 4B ). In contrast, the genetic background controls showed a sleep rebound and learning impairments after sleep deprivation. Expressing UAS-NICD in neurons using elav-Switch did not alter sleep homeostasis ( Figure S4) . Altogether, the data suggest that activating Notch signaling in glia can modulate the response to sleep loss as measured by sleep homeostasis and learning.
Conclusions
The evidence presented here suggests that Notch signaling controls factors that reduce the negative consequences of waking as measured by an attenuated sleep rebound and intact learning following 12 hr of sleep deprivation. Although it is tempting to speculate that the intact learning seen following sleep loss is simply due to the flies not being sleepy, our previous studies have shown that sleepiness does not result in performance impairments in the APS [18] . Thus, Notch activation may preserve learning by preventing neuronal overstimulation during extended waking. Reducing neuronal stimulation may also prevent the buildup of sleep debt and thus explain the lack of sleep rebound. Canonical Notch signaling leads to Su(H)-dependent changes in transcription, but several other downstream pathways have been identified [30, 34] ; thus, further work is required to determine which pathway downstream of the receptor is effectively involved in this context. Our results suggest that Notch is mediating a neuron-glia signaling mechanism. These data provide additional support to recent work showing an involvement of glia in sleep homeostasis and cognitive impairments [35] . In mammals, adenosine released by glia appears to play a critical role [35] . Given that mutants for the only known Drosophila adenosine receptor have normal sleep homeostasis [36] , other factors are likely to be involved. It is interesting to note in this context that expression of the cell adhesion molecule klingon, required for long-term memory and controlled by Notch in the adult brain, has been reported to be expressed in the glia [37] . It should be noted that Notch localization and activation in glia may seem at odds with reports showing a requirement for Notch as well as the downstream effector Su(H) in MB neurons for memory consolidation [24, 38] . Our data do not exclude a low level of Notch expression in neurons. In fact, it would not be surprising if Notch is expressed in both cell types and mediates two-way signaling between adjacent cells, given that it occurs commonly during developmental processes [39] . Table S2 for control metrics and Figure S2 for sleep in min/hr graphs.
